Introduction
E. faecalis is part of the gut microbiota of animals and humans; and transmission to a new host typically occurs through the fecal-oral cycle (Lebreton et al., 2017) . E. faecalis is considered an ubiquitous bacterium capable of rapidly adapting and surviving in a wide range of environments, and it has been monitored as a microbial indicator of fecal contamination of water and soil. E. faecalis has more recently become a significant health concern as an opportunistic pathogen that developed multiple drug resistances, causing serious problems for medical care of nosocomial infections (Werner et al., 2008; Sievert et al., 2013; Kristich et al., 2014) . Enterococci have an intrinsic resistance to b-lactams, such as cephalosporins and ampicillin (Shepard and Gilmore, 2002) ; and the CroRS two-component signal transduction system was shown for its critical role in this resistance (Comenge et al., 2003; Kellogg et al., 2016; Kellogg et al., 2017) . Two-component systems (TCS) are signal transduction pathways involving a phosphorelay between two proteins: a sensor histidine kinase (HK) usually membrane-bound and its cognate response regulator (RR) typically involved in gene expression regulation (Stock et al., 2000) . In response to a specific environmental stimulus, the HK autophosphorylates; the phosphate group is then transferred from the HK to a conserved aspartate (Asp) residue on the RR receiver domain (Fig. 1 ). This phosphorylation induces conformational changes of the regulatory protein leading to the RR dimerization and activation of its output domain. For TCS involved in transcriptional regulation, the RR output domain presents DNA binding properties to specific promoter sequences of its target genes.
CroR belongs to the OmpR family, the most widespread family of homodimeric RRs among bacteria. OmpR-like RRs are typically about 240 amino-acid in length and contain 3 domains (Itou and Tanaka, 2001) : the receiver domain containing the Asp phosphorylation site, the output domain with a winged helix-turn-helix (wHTH), and between these 2 domains a linker region that seems to be critical for signal transduction between the 2 other domains (Mattison et al., 2002; Walthers et al., 2003) (Fig. 1) .
The E. faecalis CroRS TCS appears to play a pleiotropic function in cell physiology, involved in resistance to antibiotics like b-lactams (Comenge et al., 2003; Hancock and Perego, 2004; Djorić and Kristich, 2015; Kellogg et al., 2016) , growth (Le Breton et al., 2003) and survival within macrophages (Muller et al., 2008) . Additional findings suggest a link between CroRS and oxidative stress response (Djorić and Kristich, 2015) , catabolite control of gene expression (Snyder et al., 2014) , and cell wall stresses (Comenge et al., 2003; Kellogg et al., 2017) . Some genes directly regulated by CroR have been identified: the salB gene encoding a general stress secreted protein (Muller et al., 2006) and the glutamine/glutamate transporter encoding glnQHMP operon (Le Breton et al., 2007) . CroR also autoregulates croRS expression (Muller et al., 2006) . CroR DNAbinding sites have been determined by DNase I footprinting for the salB and croRS promoters (Muller et al., 2006) . Identification of additional CroR targets and binding sites would provide a better understanding of the CroRS TCS function.
To identify new genes regulated by TCS of unknown function, Howell et al. (Howell et al., 2003) and Walthers et al. (Walthers et al., 2003) have developed the 'domain swapping' method: a hybrid RR is generated by fusing the receiver domain from the RR of a well-characterized TCS to the output (DNA-binding) domain from the RR of unknown function. In these conditions, the expression of genes from the regulon of the query RR is controlled by the stimulus activating the known TCS.
In this study, we used the domain swapping method to produce protein fusions of the receiver domain of NisR (NisR N ) with the output domain of CroR (CroR C ) to generate a nisin-inducible chimera CroR RR (Fig. 1) . NisR is part of the Lactococcus lactis NisRK TCS (Engelke et al., 1994; Kuipers et al., 1995; de Ruyter et al., 1996) and displays similarities with members of the OmpR group. NisRK controls the expression of genes involved in immunity and biosynthesis of the lantibiotic nisin; and it has been successfully used for genetic manipulations in different Gram positive bacteria for titer-controlled gene expression using the inducer nisin. It has also been used for protein overexpression in complementation experiments, as for example with the pMSP3535 vector (Bryan et al., 2000) , or in the NIsin-Controlled gene Expression system (NICE) (Zhou et al., 2006) . Here, we first demonstrated that the nisininducible chimera CroR retained the native CroR biological function in E. faecalis, as we showed its involvement in general stress response and virulence. Next, a transcriptomic analysis was carried out to identify new targets of the CroRS TCS. In this report, we initially focused on CroR target genes with modified expression during mice peritonitis (Muller et al., 2015) , and identified an unexpected role of the RR in the alanine racemase expression. This study shows that this regulation is critical for the resistance of E. faecalis to D-cycloserine, an antibiotic that have potential applications in enterococcal infection care (van Harten et al., 2017) .
Results

Domain swapping constructions
The CroRS TCS was found involved in antibiotic resistance (Comenge et al., 2003; Hancock and Perego, 2004; Nallapareddy et al., 2005; Gilmore et al., 2013; Djorić and Kristich, 2015; Kellogg et al., 2017) and general stress response (Muller et al., 2006; Djorić and Kristich, 2015) . To define more precisely the mechanism by which this TCS provides antibiotic resistance, we aimed to characterize the CroR regulon using a domain swapping method to produce chimera CroR with the nisin-inducible L. lactis NisRK system (Kuipers et al., 1995) . Nisin is recognized by the NisK HK and this latter activates the NisR RR which binds to the promoter NisR N -CroR LC and NisR NL -CroR C response regulators. RR of the OmpR family are composed of 3 domains: receiver, linker and output domains. The N-terminal receiver domain is composed of 5 b-sheets and 5 a-helices, and carries the aspartate phosphorylation site (black triangle). The linker domain is constituted of 4 b-sheets (b1' to b4'), and connects the receiver to the output domain. The latter contains 3 a-helices (a1', a2', a3') and 3 b-sheets (b5' b6' b7'). It includes the winged helix-turn-helix motif (wHTH, double arrow) that allows the binding of the RR to the specific sequence of DNA of its target genes. The NisR N -CroR LC hybrid is composed of codons 1-138 from NisR and 135-229 from CroR (including the CroR linker domain), while NisR NL -CroR C possesses codons 1-164 from NisR (including the NisR linker domain) and 162-229 from CroR. CroR is represented with white boxes (a-helices) and arrows (b-sheets) and NisR in gray (see experimental procedures and Supporting Information Fig. S1 for details).
region of operons involved in nisin biosynthesis and immunity (Kuipers et al., 1995) . Therefore, we hypothesize that the NisR N -CroR C hybrid RR should easily be stimulated by nisin and specifically activates the CroR regulon. Compared to methods used to stimulate a TCS by its own signal, this construction avoids biases due to cross-talk, i.e., activation of other RR by CroS or CroR activation by another HK than CroS, as it has been shown for E. faecalis OG1RF strain (Kellogg et al., 2016) .
As the role of the linker domain of CroR has not yet been clearly defined, two genetic constructs for expression of NisR N -CroR C hybrid RRs (Fig. 1) were generated (see experimental procedures and Supporting Information Fig. S1 for details). The chimera NisR NCroR LC RR encoded by the pNisR N -CroR LC plasmid contains the 138 N-terminal amino acids of NisR (NisR N ) and the 95 C-terminal amino acids from CroR to include the linker region (CroR L ) and its output domain (CroR C ). A second construct, the pNisR NLCroR C plasmid, allows the production of a protein containing NisR N , the linker region of NisR and CroR C , producing the NisR NL -CroR C chimera RR. The pNisR NCroR LC and pNisR NL -CroR C plasmids were transformed independently in the DcroR mutant (Muller et al., 2006) and the resulting strains characterized phenotypically.
The NisR N -CroR LC hybrid complements the DcroR mutant deficiency in stress response, antibiotics resistance and virulence Previous studies of a DcroR mutant showed that the CroR RR was involved in E. faecalis survival within macrophages (Muller et al., 2008) , where the major stresses encountered by bacteria are oxidative and acid stress. Consequently we followed the growth of E. faecalis TX4000, DcroR, DcroR pNisR N -CroR LC and DcroR pNisR NL -CroR C strains in the presence of 2 mM H 2 O 2 or at pH 5.7, in liquid cultures with nisin (Fig. 2) . The DcroR mutant was found more sensitive to these sublethal stresses, displaying an important growth delay when compared to the wild-type strain. Interestingly the NisR N -CroR LC hybrid restored the wild-type phenotype in the DcroR mutant, whereas the NisR NL -CroR C construction did not (Fig. 2) .
Next, we tested the ability of the NisR N -CroR C chimeric RR to complement DcroR deficiencies in response to the cefotaxime antibiotic targeting cell wall by determining the MIC of this antibacterial agent for the different strains. As expected, the DcroR mutant displayed a reduced resistance to cefotaxime (4 mg ml
21
) compared to the wild-type strain (1024 mg ml 21 ), and complementation with the NisR N -CroR LC chimeric RR resulted in an increased resistance (2048 mg ml 21 ) (Table 1) . Interestingly, the NisR NL -CroR C construction did not recover the wild-type phenotype with a MIC of 4 mg ml
, revealing the critical role of the CroR linker domain for efficient activity. As our results showed that the NisR NL -CroR C hybrid was not functional in the tested conditions, revealing that the presence of the CroR linker domain was critical for efficient activity of CroR output domain, this construction (NisR NL -CroR C ) was excluded from further analyses.
We also investigated the efficiency of the chimeric RR to complement the DcroR virulence defect in the Galleria mellonella infection model. The larvae were infected with the different strains pre-incubated with nisin. As shown in Fig. 3 , a significant increase in larvae survival was observed for the DcroR mutant compared to the wild-type strain. Interestingly, introduction of the NisR N -CroR LC chimera in the DcroR mutant restored E. faecalis virulence to wild-type level.
Altogether, these results demonstrate that the NisR NCroR LC chimeric RR was capable of complementing the DcroR mutation in E. faecalis. Therefore, this construction was physiologically active in E. faecalis and provided an interesting approach to study the CroRS TCS. Importantly, CroR complementation was not observed in the absence of nisin (data not shown). Thus, we produced a functional chimera CroR RR activated in response to nisin induction to further characterize the CroR regulon.
Identification of the CroR regulon by RNA-Seq using the NisR N -CroR LC hybrid RR To understand the role of the CroRS TCS in the regulation of genes involved in antimicrobial drug resistance and virulence of E. faecalis, changes in gene expression in the DcroR mutant and DcroR NisR N -CroR LC strain were monitored by RNA-Seq. We performed this transcriptome analysis on total RNA extracted from E. faecalis wild-type strain, DcroR mutant and DcroR producing NisR N -CroR LC strains. Cells were exponentially grown and incubated for 1 h in the presence of nisin (0.25 mg ml 21 ) to activate the hybrid RR, and RNA were extracted, to produce cDNA libraries that were sequenced as described in experimental procedures. Read mapping and differential expression analyses (summarized in Supporting Information Table S1 ), identified 536 and 219 genes with a significant change in their expression in the DcroR mutant compared to the wildtype, and in the DcroR NisR N -CroR LC strain compared to the DcroR mutant respectively (Table S2 in the Supporting Information, expression change by a factor greater than 2, p < 0.01).
CroR regulates the croRS expression (Le Breton et al., 2007); and we observed that the croRS operon was significantly less expressed (-3.8-fold) in the DcroR mutant, whereas induced (139.7-fold) in the NisR NCroR LC -producing DcroR strain, confirming that the construction was effective at the molecular level. Genes known to be direct CroR targets such as salB and glnQ (Muller et al., 2006; Le Breton et al., 2007) were also differentially regulated in the DcroR mutant when compared to the wild-type strain (-2.7-and 12.5-fold respectively), and in the DcroR NisR N -CroR LC strain when compared to the DcroR cells (14.0 and 25.4 respectively) ( Table 2 and Supporting Information  Table S3 ). The fold changes are indicated for each gene for the RNA-Seq and for the first gene of the operon for the RT-qPCR assays. FC, fold-change.
In this study, we selected 50 genes that were differentially regulated in an opposite manner between the DcroR mutant and the NisR N -CroR LC -producing DcroR, and initially focused on those genes previously shown to have a modified expression during mice infection (Muller et al., 2015) , or those potentially involved in virulence or antibiotic resistance (Supporting Information Fig. S2 , Table 2 and Supporting Information Table S3 ). Validation of the RNA-Seq datasets was carried out by RT-qPCR assays on RNA extracted in the same conditions of those used for the RNA-Seq, and from independent experiments ( Table 2) .
Among the genes potentially repressed by CroR, we found fabZ-1 and fabF-1 involved in biosynthesis of unsaturated fatty acids, the eft42410 gene encoding tellurite resistance protein TelA and ace, encoding the collagen adhesion protein known to be an E. faecalis virulence determinant (Singh et al., 2010) , as well as the monocistronic genes gsp65 (encoding an Organic hydroperoxide resistant Ohr protein) (Rinc e et al., 2001 ). In addition, we found the gls24 operon (eft40672 to eft40677) (Giard et al., 2000) , also involved in E. faecalis pathogenesis, repressed more than fourfold in the strain containing the chimeric RR. A significant upregulation of eft40362 (LysM domain protein) was observed in the DcroR NisR N -CroR LC strain compared to the DcroR, as well as the bicistronic operon metC-cysK that encodes enzymes involved in sulfur amino acid metabolism (Fern andez et al., 2002) .
Among CroR target genes identified using the chimera RR, the alr gene encoding the essential alanine racemase is found to be induced 3.7-fold in the presence of the activated chimeric RR (Table 2 ). This enzyme catalyses the interconversion of D-and L-Ala and plays an important role in cell wall peptidoglycan biosynthesis. Alanine racemase acts together with penicillin-binding proteins (PBPs) because the transpeptidases bind to the D-Ala-D-Ala moiety at the end of the muropeptides and crosslink the peptidoglycan. Interestingly, the PBP-encoding gene pbp5 is also induced by the NisR N -CroR LC (Table 2) .
Alanine racemase and D-cycloserine
As Alr represents an attractive lethal target for antibacterial agents such as D-cycloserine, we tested the susceptibility of the DcroR mutant to this antimicrobial agent. We determined the MIC for the DcroR mutant, DcroR NisR NCroR LC and WT strains when challenged with D-cycloserine, and we found that the NisR N -CroR LC hybrid RR fully complemented the DcroR mutant susceptibility (512 mg ml 21 and 32 mg ml 21 respectively) (Table   1) . Moreover, addition of D-Ala to the culture broth led to enhanced D-cycloserine resistance for the DcroR mutant ( Table 1 ), suggesting that its susceptibility results from the repression of the alanine racemase gene expression.
CroR binding on the promoter of its new identified target genes
Electrophoretic mobility shift assays (EMSAs) were performed to determine if CroR could bind directly to the promoter of the putative target genes we identified. The operonic structures of the targets of interest described above (i.e., gls24, fabZ-F-1, cysK-metC, lysM, ohr, pbp5, alr, ace and telA) were determined previously (Muller et al., 2015) ; and DNA fragments containing the corresponding promoter regions were amplified from chromosomal DNA (Supporting Information Table S4 ). Labeled promoters were next incubated with different amounts of purified recombinant H 6 -CroR protein, before gel shift assays (Fig. 4) . For the genes encoding general stress proteins, gsp65 (ohr) corresponds a monocistronic ORF, whereas gls24 is the fourth gene of a hexacistronic operon expressed from a stress inducible promoter (P1) and the starvation induced promoter (P2) (Giard et al., 2000) . Bands of altered mobility were observed with fragments carrying the gsp65 and the gls24 P1 promoter regions (but not for the P2 promoter, data not shown) (Fig. 4) . Similarly, we showed that CroR bound specifically to the promoter of the following operons involved in cell wall structure: fabZ-1-fabF-1 and acpSalr-eft41782, or the uncharacterized eft40362 lysM and eft42410 (tellurite resistance protein)-eft42411 (Fig. 4) . No CroR binding was observed for promoter of genes not identified as CroR target, as negative control (eft40192 and eft42253, data not shown). The absence of retardation for EMSA with the promoters of metCcysK, pbp5 (Fig. 4) and ace (data not shown), reflects an indirect effect of CroR on the transcription of the corresponding genes or a failure to produce in vitro binding of H 6 -CroR on the corresponding DNA fragment.
Discussion
Our study applied the domain swapping approach to investigate RR output response of the CroR RR. This method makes it possible to identify target genes of a TCS when its activating stimulus is unknown or when this latter could modulate gene expression through the activation of other regulation mechanisms. The major problem encountered in TCS study is to define the activating stimulus of the histidine kinase, which will activate the RR and then the TCS regulon. We demonstrated that the chimeric NisR-CroR regulator represents an effective tool to study new targets of the RR, by allowing a specific activation of the regulon, by the use of a defined stimulus (nisin). The NisR-NisK TCS in the domain swapping method should be applicable in other bacteria, because the nisin controlled gene expression system NICE is functional in many genera of grampositive bacteria (Zhou et al., 2006) , and because TCS composed of an OmpR family-RR are the most widespread family. Consequently, the domain swapping method described here should be able to be applied to the identification of many TCS regulons.
We first created two hybrid protein constructs: the NisR N -CroR LC and the NisR NL -CroR C chimeras to test the contribution of the CroR linker region during signal transduction integrating the activation by the HK signal on the CroR receiver domain and subsequent regulation through the RR output domain. Experiments looking at environmental stress response (i.e., growth with oxidative or acid stress, cefotaxime MIC) provided evidence that NisR N -CroR LC construction could complement the DcroR mutant deficiencies, while the NisR NL -CroR C RR could not (Fig. 2 and Table 1 ). These results confirm previous observations (Perraud et al., 1998; Mattison et al., 2002; Walthers et al., 2003) indicating that the interdomain linker was required for the DNA binding properties of the output domain. Moreover, the NisR NCroR LC hybrid RR proves to be an effective tool to identify CroR target genes. Previous analyses have revealed that CroR displayed a pleiotropic regulatory function in E. faecalis (Comenge et al., 2003; Muller et al., 2006; Le Breton et al., 2007; Snyder et al., 2014; Kellogg et al., 2016) , and in agreement with these observations we found that a DcroR deletion yielded to an important shift in global gene expression. Indeed, this mutation leads to the differential expression of 536 genes including 263 and 273 with increased and decreased expression respectively (Supporting Information Table S2 ) controlled directly or indirectly by CroR. The domain swapping strategy, using the NisR N -CroR LC chimera protein that possesses the same DNA binding ability as CroR (Fig. 1) , coupled with RNA-seq identified a set of 219 differentially expressed genes, in a scenario mimicking high induction of activated CroR, resulting in a stronger gene induction or repression with higher statistical significance (Supporting Information Table S3 ). Two arguments suggest a limited risk that NisK was involved in cross-talk with other TCS of E. faecalis: (i), NisK-NisR is a heterologous system providing from L. lactis, (ii) complementary analysis performed to compare DcroR NisR N -CroR LC with the wild-type strain, both in presence of nisin, revealed no significative difference at physiological and transcriptomic levels (data not shown). In this study, to avoid false positives corresponding to genes that could be induced or repressed by nisin independently of NisK, all the RNA-seq data described were performed in the presence of nisin (i.e., when DcroR NisR N -CroR LC is compared to DcroR or DcroR to WT). Controls performed in the absence of nisin allowed us to identify 42 induced-and 11 repressed-genes in the wild type strain treated by nisin compared to untreated strain (data not shown): none of these genes corresponded to a member of the CroR regulon described here.
Selected genes differentially regulated in the E. faecalis NisR N -CroR LC overexpressing strain were indeed directly regulated by CroR (Fig. 4) ( i.e., CroR binding on their promoter), where the regulator could act as an activator (as for lysM, alr) or a repressor (as for gls24, gsp65, fabZ-1, eft42410) ( Table 2 ).
The DcroR mutant was shown to present a growth defect in the presence of H 2 O 2 (Djorić and Kristich, 2015) . This phenotype could partially explained the virulence deficiency seen in the wax larvae infections (Figs. 2 and 3) , as oxidative stress has been shown to be the major stress encountered by enterococci during these infections (Garsin et al., 2014) . In this study, we chose to focus on genes that are directly regulated by CroR and that were differentially expressed during intraperitoneal infection in mice (Muller et al., 2015) (Tables  2 and Supporting Information Table S3 ). Many of these genes were shown to be linked to oxidative stress response; with CroR regulating the expression of the gsp65 gene encoding an Organic hydroperoxide resistant protein (Ohr) (Rinc e et al., 2001) . Moreover, we found that the eft42410 gene presents significant homologies with the TelA toxic anion resistance protein (Suprenant et al., 2007) . The tellurite resistance protein EFT42410 is involved in oxidative stress response, as the soluble oxyanion tellurite is responsible for the oxidation of cellular thiols (Chasteen et al., 2009) . It was recently shown that, in E. coli, the tellurite toxicity is due to the accumulation of hydroxyl radicals (Morales et al., 2017) . It has been suggested that the primary role of tellurite resistance proteins might be to protect the bacterium from host defense (Singh et al., 2010) , this could explain why its expression is also induced in vivo (Muller et al., 2015) .
The MetC protein (EFT40325) is a cystathionine-blyase, involved in the biosynthesis pathway of sulphurcontaining amino-acid catalyzing the conversion of cystathionine to homocysteine, pyruvate and ammonia (Fern andez et al., 2000; Fern andez et al., 2002) . This protein was shown to be critical for Salmonella enterica serovar Typhimurium virulence (Ejim et al., 2004) . Like in L. lactis, the E. faecalis metC gene is co-transcribed with an ORF encoding a putative cysteine synthase CysK (eft40326) (Fern andez et al., 2002; Dijkstra et al., 2014) . These proteins are important enzymes for cysteine biosynthesis, as a mean for the majority of inorganic sulphur to be incorporated into organic compounds for robust oxidative stress response (Dijkstra et al., 2014) .
Genes encoding cell wall associated proteins were significantly downregulated in the DcroR mutant and upregulated with the chimera RR, like the LysM domain protein EFT40362 or the penicillin-binding protein Pbp5 EFT41042. These 2 peptidoglycan associated proteins have been selected as promising vaccine candidates to prevent enterococcal infections (Romero-Saavedra et al., 2014). As suggested in previous studies (Comenge et al., 2003; Kellogg et al., 2016) , CroR does not binds to the pbp5 promoter and the CroR influence on pbp5 expression is likely indirect. For the lysM gene, conversely, a direct binding of CroR on its promoter was shown and we are currently conducting further investigation to delineate LysM function in E. faecalis antibiotic resistance and/or virulence.
The fabZ-1-fabF-1 operon encoding a hydroxymyristoyl-ACP-transferase and a ketoacyl-ACP synthase, was also shown to belong to the CroR regulon. These proteins are involved in the elongation of unsaturated fatty acid pathway (Wang and Cronan, 2004; Parsons and Rock, 2013) and play an important role in cellular envelope homeostasis. This finding suggests that the CroRS system might have an important role in cell wall (peptidoglycan) as well as cell cytoplasmic membrane integrity.
New antibacterial agents have to be used to prevent enterococcal infection, like compounds targeting the biosynthesis of surface structures (e.g., carbohydrates, LPxTG-type surface proteins) that restore susceptibility to common antibiotics (van Harten et al., 2017) . The Dcycloserine, is a bacteriostatic antibiotic used in multidrug resistant and extensively drug resistant tuberculosis, as a second-line antituberculosis drugs (Caminero et al., 2010) , which could potentially be used to treat enterococcal infections (Azam and Jayaram, 2016) . This antibiotic blocks enzymes that incorporate Ala in the DAla-D-Ala dipeptide, an important constituent of the cell wall. The primary target of the D-cycloserine is the alanine racemase, and probably the D-Ala-D-Ala ligase (DdlA) (Prosser and de Carvalho, 2013; Halouska et al., 2014; Nakatani et al., 2017) . This structural analogue of the D-Ala inhibits the intracellular alanine racemase preventing conversion of L-Ala into D-Ala (Nakatani et al., 2017) . Consequently, D-cycloserine causes accumulation of cell wall precursors and impedes bacterial cell wall biosynthesis. Previous studies showed that croR expression was highly induced by several antibiotics (ceftriaxone, vancomycin. . .), with the highest induction observed during treatment with D-cycloserine (Comenge et al., 2003) . This report supports our results indicating that alr encoding alanine racemase is a potential target of CroR. alr is an essential gene that belongs to a tricistronic operon also encoding a holo-acyl carrier protein synthase (Acp) and a PemK family transcriptional regulator (Kullik et al., 1998; Kiriukhin and Neuhaus, 2001) . The fact that the resistance of DcroR mutant to D-cycloserine is partly restored in presence of D-Ala argues that Alr is the enzyme responsible of the phenotype. Moreover, we observed a slight increase of the MIC against cefotaxime when D-Ala is added to the medium. All these results confirm that CroR has a central role in resistance to antibiotics targeting peptidoglycan synthesis, and that this resistance involves the alanine racemase.
Our report revealed that CroR is linked to E. faecalis virulence with many genes of its regulon contributing to E. faecalis pathogenesis, such as gls24 (Teng et al., 2005) , salB and glnQ, that encode antigenic determinants expressed during E. faecalis endocarditis infections (Xu et al., 1997) , or the adhesin Ace (Lebreton et al., 2009; Singh et al., 2010) . In S. aureus or M. tuberculosis, it was also shown that in the presence of D-Ala, an alr mutant presented a weakened cell wall and a defect in virulence (Kullik et al., 1998; Awasthy et al., 2012) . Therefore, the virulence defect observed for the DcroR mutant during G. mellonella infection (Fig. 3) could potentially result from the deregulation of these genes.
A CroRS-orthologous TCS has recently been described in Enterococcus faecium as important for intrinsic resistance to cell wall-targeting antibiotics (Kellogg et al., 2017 ). An ortholog is present in other enterococcal species (e.g., E. hirae, E. mundtii, E. casseliflavus, E. durans, E. gallinarum), but is difficult to identify in other bacterial genera as TCSs with the highest homology with CroRS are located in different genomic contexts. Therefore, no evident link can be made between the presence of CroRS and intrinsic resistance to cell wall-targeting antibiotics in other bacterial genera.
In summary, our results show that the CroRS TCS is a key determinant of pathogenesis and D-cycloserine resistance in E. faecalis. By being absent from animals, TCS involved in essential functions, antibiotic resistance and virulence represent interesting targets for new antimicrobial drugs against pathogenic bacteria (Stephenson and Hoch, 2002; Stephenson and Hoch, 2004) , and the CroRS TCS is a good candidate to fight enterococcal infections.
Experimental procedures
Bacterial strains, plasmids and growth conditions E. faecalis strain TX4000 (Jacob and Hobbs, 1974; Yagi and Clewell, 1980) and derivative mutant DcroR [affected in croR (Le Breton et al., 2003) ] were used in this study. Cultivation was performed in M17 medium (Terzaghi and Sandine, 1975 ) supplemented with 0.5% glucose (GM17) or in Brain Heart Infusion (BHI) medium at 378C without shaking. When necessary, erythromycin, nisin (from Lactococcus lactis, Sigma) or D-alanine were added at a concentration of 150, 0.25 and 150 mg ml 21 respectively. For acid pH and oxidative stress, growth of TX4000 and derivatives was monitored in GM17 containing 0.25 mg ml 21 nisin, with pH adjusted at 5.7 or supplemented with 2 mM H 2 O 2 . Minimum Inhibitory Concentrations (MICs) of cell wall active antimicrobials (cefotaxime, D-cycloserine) were determined in liquid cultures using a microtiter plate serial dilution method in the Microplate Reader model 680 (BioRad). Twofold serial dilutions of antibiotics in MH broth were prepared in a 96-wells microtiter plate, and inoculated with 5.10 5 cfu ml 21 of overnight culture. Plates were incubated at 378C and optical density at 600 nm was monitored during 24 h. The lowest concentration of antibiotic that prevents growth was recorded as the MIC.
Construction of hybrid NisR-CroR response regulators
Plasmids pNZ9530 (Kleerebezem et al., 1997) and pMSP3535 (Bryan et al., 2000) were used for the construction of two nisR/croR gene fusions named NisR N -CroR LC and NisR NL -CroR C (Supporting Information Fig. S1 ). A 612 bp internal region of the nisR gene was removed from pNZ9530 by digestion with the restriction endonuclease MamI and recircularisation, generating plasmid pNZ9530DMam. The promoter of the nisR-nisK operon and the 5' end of nisR was PCR amplified from the pMSP3535 plasmid using primers fusA and fusB1 for the construction NisR N -CroR LC and fusA and fusB2 for the construction NisR NL -CroR C (Supporting Information Table S4 ), digested by PstI and SpeI and cloned into the PstI SpeI sites of pNZ9530DMam, generating plasmids pNisR N and pNisR NL respectively. For NisR N -CroR LC , the 3' end of croR was amplified using primers fusC1 and fusD (Supporting Information Table S4 ) and the fragment was cloned into pNisR N using endonucleases ApaI and XbaI. For NisR NL -CroR C PCR was performed with primers fusC2 and fusD, digested by BamHI and XbaI and cloned into the BglII and XbaI sites of pNisR NL , and transformed in electrocompetent cells of E. coli DH5a transformed by electroporation using a MicroPulser apparatus (Bio-Rad). The plasmids with the final constructions were named pNisR N -CroR LC and pNisR NLCroR C respectively. They contain the nisK gene which is transcribed from a promoter located in the pIL252 segment of the plasmid pNZ9530 (promoter located between the repE and repG genes) and the nisR N -croR C fusion NisR NCroR LC or NisR NL -CroR C which possesses codons 1 to 138 from nisR and 135 to 229 from croR or codons 1 to 164 from nisR and 162 to 229 from croR respectively, and are expressed from the P nisR promoter (Supporting Information  Fig. S1 ). Plasmids were purified using Macherey-Nagel kits (Macherey Nagel) and sequenced. Electrocompetent cells of E. faecalis were then transformed by electroporation using a Micro-Pulser apparatus (Bio-Rad).
Electrophoretic mobility shift assays
H 6 -CroR protein purification and EMSA with radiolabeled DNA were carried out as previously described (Muller et al., 2006) . Briefly, DNA promoter regions were PCR amplified in the presence of 2 mCi [a-32P]dATP with primers listed in Supporting Information Table S4 . The H 6 -CroR protein was added to 10 ml of dilution buffer, composed of 40 mM TrisHCl pH 7.5, 2 mM CaCl 2 , 2 mM DTT, 20 mg ml 21 of poly(dI-dC), 0.2% bovine serum albumin, and BeF 3 -(a component used to mimic and maintain effect of phosphorylation that can be labile with acetyl phosphate, generated by mixing NaF and BeCl 2 at final concentrations of 0.187 M and 2.27 mM respectively), and containing 2.5 ng of labeled DNA. The mixture was incubated for 15 min at room temperature, after which 10 ml of 30% glycerol was added. The reaction were then separated onto 12.5% polyacrylamide gel and analyzed by autoradiography. For nonradioactive EMSA, DNA fragment were labeled with D4 and experiments were carried out by following the same procedure and as previously described (Lebreton et al., 2009 ).
Virulence tests with Galleria mellonella
Infection of Galleria mellonella larvae with E. faecalis was carried out using the method described in Lebreton et al., 2009 . Briefly, with a syringe pump (KD Scientific), larvae were infected subcutaneously with washed E. faecalis strains from an overnight culture in BHI (5.10 8 CFU of bacteria per larvae) incubated at 378C. For one test, 20 insects were used and the experiments were repeated at least three times.
mRNA extractions for RNA-Seq and RT-qPCR E. faecalis strains TX4000, DcroR mutant and DcroR expressing the NisRN-CroRLC hybrid were grown in GM17 to mid-exponentially phase (OD 600nm 50.5, 5.10 8 cfu ml
21
) and treated with 0.25 mg ml 21 nisin during 1 h at 378C. Cells were then centrifuged at 48C for 10 min at 3000 g and pellets were stored at 2808C in acetone/ethanol (1:1 v/v) until extraction. RNA was purified using Direct-Zol RNA Miniprep (Zymo Research) according to the manufacturers' instructions and as previously described (Muller et al., 2015) . RNA samples were prepared in triplicate, during independent assays.
RNA-sequencing
The RNA-seq experiments were performed at the iGE3 genomics platform (University of Geneva). One microgram of total RNA was treated with the Ribo-Zero Magnetic kit (Illumina) from rRNA removal. The Illumina TruSeq stranded mRNA kit was used to prepare libraries according to manufacturer's recommendation. Quality of the RNA-seq libraries was confirmed using the Bioanalyzer 2100 (Agilent Technologies) and the Qubit fluorimeter (Thermo Scientific); and massive parallel sequencing carried out on the Illumina HiSeq 2500 platform using single read-50 nucleotide (SR50) protocol. The RNA-Seq data is available in GenBank under the accession number PRNJA419621.
Bioinformatic analysis
The sequencing quality control was performed with FastQC (Babraham Bioinformatics -FastQC A Quality Control tool for High Throughput Sequence Data, n.d.) and reads were mapped with the TopHat (Trapnell et al., 2009) v.2.0.3 to the E. faecalis V583 reference (NC_004668.1). Biological quality control was performed with RSeQS (Wang et al., 2012) and Picard tools (Picard Tools -By Broad Institute, n.d.). The differential expression analysis was performed on count tables prepared with HTSeq v0.6p1 (Anders et al., 2015) and performed with the statistical analysis R/Bioconductor package edgeR v.3.14 (Robinson et al., 2010) , allowing the normalization according to the library size. The gene having a count above 1 count per million reads (cpm) in at least 2 samples were kept for the analysis. The filtered data set consists of 2457 genes. The differentially expressed genes p values were corrected for multiple testing error with a 5%FDR (false discovery rate) (Supporting Information Table S1 ).
RT-qPCR
DNA removal and cDNA synthesis were assessed on 3 mg of RNA with the Quantitect Reverse Transcriptase kit (Qiagen), according to the manufacturers' instructions. Primers used for qPCR are listed in Supporting Information Table  S4 . PCR reactions were conducted with the GoTaq DNA polymerase (Promega), according to the manufacturer's recommendations. Triplicate qPCR reaction was performed on 10 ng of cDNA per reaction, with the GoTaq qPCR Master Mix (Promega), according to the manufacturers' instructions. Reactions were loaded into a CFX96 Real-Time PCR detection system (BioRad) (958C for 3 min, followed by 40 cycles at 958C for 15 s, 608C for 1 min). The transcription level of each gene was normalized to that of the rRNA 5S reference gene. Control genomic DNA from WT cells was used to construct standard curves.
